Unmasking the nodal quasiparticle dynamics in cuprate superconductors 

using low-energy photoemission 
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Nodal quasiparticles of Bi2Sr2CaCu2 08+(5 have been studied by angle-resolved photoemission 
spectroscopy with high momentum and energy resolution. Low-energy tunable photons have enabled 
us to resolve a small nodal bilayer splitting, unmasking the intrinsic single-particle scattering rate. 
The nodal scattering rate is abruptly suppressed upon the superconducting transition, and shows a 
Unear energy dependence at low energies, indicating the nontrivial effect of elastic scatterings on the 
quasiparticles. With increasing energy, the antibonding-band scattering rate becomes higher than 
the bonding one. The observations imply the character of the scatterers dominant at low energies. 

PACS numbers: 74.72.Hs, 74.25.Jb, 79.60.-i 



Thermodynamics properties of a superconductor both 
in the zero-field and vortex-mixed states are governed by 
excitations of low-energy quasiparticles. They are partic- 
ularly important for a d-wave superconductor, where the 
gap has a node and therefore the excitations start from 
the zero energy. Nevertheless, probing the nodal scat- 
tering rate is often difficult due to the masking by the 
superconductivity itself. To date, microwave and optics 
experiments have indicated the presence of well-defined 
quasiparticles in high- Tc cuprate superconductors ^ii^i^i^i^ 
However, the transport properties are intricately inte- 
grated and require some assumptive models, e.g., the ex- 
tended Drude model, to extract individual quasiparticle 
properties. Especially in bilayer cuprates, the band is 
split due to the interaction between two proximate Cu02 
planes, making the modeling more difficult. 

On the other hand, angle-resolved photoemission spec- 
troscopy (ARPES) directly probes single-quasiparticle 
excitations resolved in energy- momentum space. The 
quasiparticle scattering rate and dispersion are simul- 
taneously determined from the spectral-peak width and 
position, respectively. Hence, serious ARPES studies 
have been attempted for the node.^'^^^^ Recently, 
it has been shown that the bilayer splitting remains fi- 
nite even in the nodal direction, but direct resolution 
of individual quasiparticle properties has been difficult 
due to the proximity of two bilayer states. Based on 
the analysis of circular-polarization-dependent spectra, 
the narrower spectral peak width for the antibonding 
band has been reported as an implication of dominant 
magnetic scattering. On the other hand, in an even 
higher-resolution experiment using a 6-eV laser, only sin- 
gle band dispersion has been observed in the same nodal 
direction. This discrepancy casts uncertainties upon in- 
terpreting these previous data. 

In the present paper, we show bilayer-resolved nodal 



scattering rates, directly obtained by using low-energy 
tunable photons (hu = 7.57 eV). The high momentum 
resolution and the photon-energy tunability enabled us 
to visualize the sharp {Ak = 0.0065 A~^) and complete 
image of the bilayer-split nodal spectral function. Based 
on the detailed energy, temperature and bilayer-band de- 
pendences of the scattering rates, we argue that the low- 
energy quasiparticles are seriously affected by the elastic 
scattering process. The difference in the bilayer-resolved 
scattering rates implies the spatial distribution of the 
scatterers dominant at low energies. 

ARPES using low-energy excitation photons has an 
advantage in realizing high energy and momentum 
resolution. Because in-plane quasiparticle momenta k\\ 
are magnified into large emission angles for low excita- 
tion energies, the momentum resolution improves appre- 
ciably for a given instrumental angular resolution. In 
addition, the presumable increase in the photoelectron 
escape depth^^ would minimize the effect of possible sur- 
face imperfection and contamination, and suppress the 
smearing in surface- normal momentum k±, because the 
well-defined final state imposes a strict condition on pho- 
toelectron transition. On the other hand, the photo- 
electron final state is no longer like a free electron for 
low-energy excitation. Therefore, tuning the photon en- 
ergy to the final state is critically important. Indeed, we 
find that the photon-energy dependence is severe in low- 
energy ARPES. In the present study, we optimized the 
photon energy to hu = 7.57 eV so that both the bonding 
and antibonding bands are clearly observed at once. 

The ARPES experiments were performed at a helical 
undulator beamline, BL-9 at Hiroshima Synchrotron Ra- 
diation Center, using circularly polarized light and a SCI- 
ENTA SES2002 analyzer. The total energy resolution 
was set at 4 meV. Samples are nearly optimally doped 
Bi2Sr2CaCu208+5 {Tc = 86 K), which were cleaved in 
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FIG. 1: Overview of low-energy ARPES result at hiy — 
7.57 eV, taken in the nodal direction of superconducting 
Bi2Sr2CaCu2 08+(5 at T = 9 K. (a) Spectral- intensity map in 
the energy- momentum space, (b) Energy distribution curves 
(EDCs) at the momenta denoted by purple triangles, (c) Mo- 
mentum distribution curves (MDCs) at the energies denoted 
by green triangles. The intensity of the MDC at = is 
multiplied by 2. 



situ under an ultrahigh vacuum, < lxlO~^^ Torr. 

Results at a low temperature of T = 9 K are shown in 
Figs. [1] and [21 which demonstrate the performance of the 
low-energy ARPES. First, Fig. [1] clearly shows that the 
nature of quasiparticle excitations dramatically changes 
at an energy of ~ 70 meV^^iii The quasiparticle 
peak dramatically sharpens on crossing |cc;| ^ 70 meV 
towards the Fermi level, in good correlation with the 
abrupt deceleration of the quasiparticle group velocity 
Vk = duok/dk. Second, as shown in Fig. O the peak be- 
comes very sharp near = 0, so that the quite small 
splitting of 0.0075 A~^ is distinctly resolved in contrast 
to the laser- ARPES spectra. The quasiparticle momen- 
tum width of A/c = 0.0065 A~^ at = is much sharper 
than the previous ARPES data collected at higher pho- 
ton energies^ii^ and reveals that the nodal quasiparticles 
travel for a long period, > 150 A, without scattering. 

Peaks of the doublet are identified as the bonding and 
antibonding bands of two proximate Cu02 layers. Such 
bilayer splitting has been treated as negligible at the 
node, because no Cu 4s component hybridizes with the 
band of dx2_y2 symmetry. ^'^ However, a small nodal split- 
ting is allowed by intra-bilayer p-p transfer. We have 
carefully confirmed that the splitting width, — ka = 
0.0075 ± 0.001 A~^, is reproduced for several samples. 
Multiplying k^ — ka by the Fermi velocity vp = 1.9 eVA 
gives the nodal splitting energy, cc;^ — cc;5 = 14 ± 1 meV, 
which is smaller than the earlier result and approxi- 
mately 16% of the antinodal splitting energy;^!^ 

The high-resolution spectral image of the split disper- 
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FIG. 2: Enlarged view of Fig. [T] around the Fermi-surface 
crossings, (a) Spectral-intensity map. Red and blue circles de- 
note the peak positions of the MDCs. (b) EDCs at each 0.0012 
A~^. (c) MDCs at each 2 meV. (d) Bilayer- resolved scattering 
rates, determined from the momentum widths (FWHM), Akb 
(red), and Aka (blue), of the bonding and antibonding peaks, 
respectively. Thin solid lines show the linear increasing rates, 
0.11 and 0.21 A"^ eV~\ of Akb and Aka, respectively. 



sion directly provides us the intrinsic scattering rates of 
the bonding and antibonding bands. Figure [2](d) shows 
the widths of the bilayer-split peaks, resolved by fitting 
each momentum distribution curve (MDC) with two in- 
dependent Lorentzians. The energy dependences of both 
the scattering rates appear to be dominated by a linear 
term over the higher order terms unlike for normal metal. 
While the two scattering rates are identical at = 0, the 
antibonding-band scattering rate becomes higher than 
the bonding one with energy. Also, in the energy dis- 
tribution curves shown in Fig. [2](b), the low-energy-side 
antibonding peak is broader than the bonding one for 
I a; I ~ 30 meV. This result is a contrast to the interpreta- 
tion of the circular-polarization-dependent spectra. 

Figure [3] shows the temperature dependence of the 
spectral function. While the spectral feature is essentially 
unchanged within the superconducting state (T = 9 and 
50 K), the quasiparticle peak near uj = broadens sig- 
nificantly in the normal state (T = 95 and 200 K). 

In order to extract the wide-range temperature and 
energy dependences of the scattering rate, we have per- 
formed the fitting analysis of all the MDCs, regarding 
splitting parameters as constants, i.e., relative peak po- 
sition kb — ka = 0.0075 A~^, width Aka/Ak^ = 1, and in- 
tensity la/h = 0.78, and obtained the momentum width 
and dispersion, which are averaged between the bond- 



3 



-100 



> 

Q) 

E 



150 



C 
LJJ 




-100 



-150 



-200^ _ 
-0.10 

Momentum, k-kp (A ') 

FIG. 3: Single-particle spectral function in the superconduct- 
ing (T = 9 and 50 K) and normal (T = 95 and 200 K) states, 
obtained by dividing the ARPES intensity by the Fermi-Dirac 
distribution function. Dotted and thin dashed lines denote 
the weighted center of the bonding and antibonding peaks in 
the MDCs, and the hypothetical unrenormalized dispersion 
e° = vo\k — kp) for vo' — 2.8 eV A, respectively. 



ing and antibonding quasiparticles. Consequently, the 
quasiparticle renormalization energy and scattering rate 
have been deduced as shown in Figs.Sl^a) andSl^b). The 
real part of self-energy, Rei;'(cj), has been deduced from 
the dispersion deviation from the straight line shown in 
Fig. m The imaginary part of self-energy, Iml](a;), has 
directly been determined from the momentum width A/c, 
i.e. the inverse scattering length, using the constant scal- 
ing factor of unrenormalized velocity vq = 2.8 eV A.^^ 
The scattering rate, Iml](a;), shows a clear steplike fea- 
ture at |cc;| ~ 70 meV due to the coupling with opti- 
cal phonon modes, and follows the linear Cc;- dependence 
quite well at low energies in agreement with the bilayer- 
resolved data in Fig. [Sfd). 

The consistency between the width-derived lmE{ij) 
and the Kramers-Kronig transformation Iml]^j^(c<;) of 
the dispersion-derived ReS'(a;) is shown in Figs.HJc) and 
m^d). The step features of lm.Ti{u;) and ImSj^j^(a;) are 
consistent in the position 50 < < 90 meV and in the 
height ~ 35 meV. The bump at \uj\ ~ 90 meV is can- 
celled out in the difference at all the temperatures. The 
residual component, ImS(a;) — ImSj^j^(a;), is ascribed to 
the electron-electron scattering. Upon taking the differ- 
ence from a straight line as KeT^^cj), the renormalization 
in high-energy scale, > 100 meV, is excluded, while 
that at ~ 70 meV is taken into account. On the other 
hand, all kinds of scattering contribute to lmE{ij). The 
inverse scattering time, l/r(cc;), is also deduced from the 
momentum width multiplied by the quasiparticle group 
velocity, l/r(a;) = VkAk. The inset of Fig. [4l|b) shows 
the nodal single-particle scattering rate determined by 
ARPES and the transport scattering rate derived from 
the optical conductivity.^ The overall similarity indicates 
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FIG. 4: Self-energy S(a;) in the nodal direction, obtained 
by regarding the splitting parameters as constants, (a) Real 
part of self-energy, determined from the quasiparticle disper- 
sion by ReE^(a;fc) = cjfc — • (b) Imaginary part of self- 
energy, determined from the quasiparticle momentum width 
AA; (FWHM) by Imi;(cj) = -^voAk, where the scaling fac- 
tor is vo = 2.8 eV A (Ref. fm ). Fivefold magnified view 
shows the a;-linear fit (black line) of ImE(a;) at T = 9 K. 
Inset shows the inverse lifetimes, deduced from ARPES by 
1/t{oo) = Vk^k (open circles) and from optical conductivity 
(line) (Ref. 0). (c) and (d) Comparison between the width- 
derived ImS(a;) (filled circles) and the Kramers-Kronig trans- 
formation ImEKK(^) (soUd lines) of the dispersion-derived 
ReS^(a;) for T = 95 and 9 K. Black dotted lines denote the 
difference, ImS(a;) — lm^\^j^{oo). 
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FIG. 5: (a) Temperature dependence of the MDC at a; = 
0. (b) Temperature dependence of the scattering rate, 
— ImXI(a;) — ^voAk, determined from the momentum width 
AA; (FWHM) at = (filled circles) and 15 meV (open cir- 
cles). Inset shows the scattering rate as a function of energy 
for the superconducting (SC) and normal (N) states. 
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that the extrinsic spectral broadening is minimal in the 
present ARPES study. 

Figure [5] shows the temperature dependence of the 
MDC and scattering rate at a; = 0. We have found 
that the momentum width abruptly drops by ~ 0.01 
upon the superconducting transition (Tc = 86 K), 
indicating that the large portion of the nodal scatter- 
ing rate, 60—70 %, is suppressed in the superconducting 
state. This discontinuity is consistent with the transport 
studies^'— '—i^i^ and in contrast with the earlier ARPES 
report Note that the residual scattering rate in the su- 
perconducting state is lower than the normal-state scat- 
tering rate extrapolated linearly for T ^ 0. In conven- 
tional two-dimensional Fermi liquid, the inelastic part 
of the zero-energy scattering rate decreases for T ^ 
as the higher-order power than T-linear, ImS?^j(0) ex 
T^{n > 1). Even in marginal Fermi liquid, it decreases 
linearly,^' Imi;?^Jj^(0) ex T. So, if the gap opening sup- 
presses only the inelastic scattering, the zero-energy scat- 
tering rate should be higher than the linear extrapolation 
of the normal-state scattering rate. Therefore, Fig. [SJb) 
suggests that the reduction of the scattering rate at Tc 
occurs not only for the inelastic part but also for the 
elastic part. This implies that the elastic impurity scat- 
tering is no longer constant as in normal metal, but has a 
serious energy-dependent effect on the low-energy quasi- 
particles. In the normal state, a zero-energy electron is 
elastically scattered into the other segment of the Fermi 
surface. The opening of the d-wave superconducting gap 
closes these scattering channels except for the other nodal 
points. Consequently, the nodal quasiparticles are hardly 
scattered by the impurities in the superconducting state, 
even though the superconducting gap is closed there. 

Then, also the cj-linear behavior of the low-energy scat- 
tering rates in Figs. [2](d) and [3Kb) is related with the 
opening of the (i-wave gap i^^i^-^i^^ Considering that the 
electronic density of states is proportional to at low 
energies, the elastic scattering rate may have an cj-linear 
term^ while the inelastic scattering rates only have 



higher order terms, as convolved with the energy distri- 
bution of the coupling modes. The predominance of the 
odd scattering process at low energies is not confirmed 
by our data. Although the antibonding Fermi surface 
is closer to van Hove singularity, the bonding scattering 
rate is lower than for the antibonding one. Alternatively, 
note that the bonding band has more probability ampli- 
tude inside the Cu02 bilayer than the antibonding band. 
Thus, the bilayer-resolved scattering rates are affected 
by the spatial distribution of the elastic scatterers: the 
larger cj-linear term of the antibonding scattering rate in- 
dicates that the scatterers are outside the Cu02 bilayer, 
e.g., antisite defects or excess oxygens in the BiO and 
SrO layers i^^i^^i^^ When the impurities are distant from 
the conduction plane, the nodal quasiparticles are scat- 
tered by only small angles into the vicinity of the node, as 
proposed recently.— ^^^^ Then, with increasing the 
scattering channels are opened linearly, depending on the 
distance from impurities. Such small-angle scatterings 
hardly affect the transport properties, but are important 
in the single-particle scattering rate*^ The present result 
shows the experimental evidence of the predominance of 
the forward scattering at low energies. 

In conclusion, the ARPES using low-energy tunable 
photons has unmasked the intrinsic scattering rate and 
the unique behaviors of the nodal quasiparticles, affected 
by the elastic scatterings. The bilayer-resolved quasipar- 
ticle properties may provide an internal reference for the 
mechanics of the quasiparticles in the cuprates. 
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